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Abstract
We have studied the change of infrared and optical absorption bands in natural quartz during X-
ray irradiation experiments by polarized mFTIR and optical spectroscopy. The irradiated sample is par-
tially darkened. The sector showing intensely dark color has a large amount of color centers and OH.
Integrated absorbance of OH absorption bands at 3380 and 3316 cm- I (AI-OH) increase during 20-40
hours irradiation, whereas the bands at 3512, 3484, 3440 and 3404 cm- I (OH coupled with Li) decrease
gradually through 300 hours irradiation. Coexistence of AI-OH bands with OH bands couple with Li
and their IR spectral changes during irradiation suggest that AI-OH possibly is located adjacent to AI-
Li center before irradiation. Decrease of total integrated absorbance of OH absorption bands and
increase of the absorptiOn bands in visible and UV region suggest that H+ return incompletely to A13+
centers when irradiation is terminated. The holes (h+) are alternatively trapped in residual AJ3+ cen-
ters to compensate for the charge balance.
Key - words: Quartz, X - ray irradiation, Hydroxyl grou p, IR absorption spectra, Optical absorption spec-
tra.
Introduction
Quartz (Si02) has been known to contain trace ele-
ments. Hydrogen is one of the major trace elements
and is incorporated as molecular H20 and hydroxyl
(OH) group (Aines and Rossman, 1984; Paterson, 1989).
IR spectroscopy can detect this hydrogen as broad bands
centered at 3400 cm- I (H20) and as sharp bands (OH).
In the IR spectra of natural quartz, these sharp bands
are superimposed in 3600-3200 cm- I and show the vari-
ety of wavenumber and intensity (Kats, 1962; Kronenberg
and Wolf, 1990; Guzzo et aI., 1997; Niimi et aI., 1999).
These varieties are expected to provide the information
for its growth conditions such as composition of the
fluid, temperature and pressure in various geological
environments. Kats (1962) assigned these sharp bands
to the OH adjacent to the AI and alkali elements (Li,
Na and K), based on the diffusion experiments of alkali
elements and hydrogen by electrolysis. Though several
models of these OH defects were suggested, relation-
ship between these models and sharp OH bands need to
be stud ied in detai I.
The X-ray and y -ray irradiation studies of natu-
ral and synthetic quartz showed that irradiation at room
temperature gives rise to the 3380 and 3316 cm- I bands
at room temperature (Brown and Kahan, 1975; Sibley
et aI., 1979; Lipson and Kahan, 1985; Halliburton et aI.,
1981; Bahadur, ]989; Pankrath, 1990). The electrodif-
fusion (sweeping) studies also showed the same evi-
dence (Kats, 1962; Krefft, 1975; Bahadur, 1989). These
studies confirmed that 3380 and 3316 cnr 1 bands are
associated with AI-OH defects. However, models of
OH bands associated with the alkali ions should be stud-
ied further. In order to investigate the property of OH
defects and its model, X - ray irradiation experi ments
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were carried out. We describe here the radiation-
induced changes of IR sharp bands and optical absorp-
tion bands and discuss the possi ble model of OI-! defects
in relation to aluminum and alkali ions.
Experimental
Quartz crystals studied were collected from
hydrothermal veins associated with skarn deposits of
the Kobushi mine at Mt. Azusa in Kawakami village,
Nagano prefecture, central Japan. The skarn minerals,
composing of magnetite, quartz, calcite, hedenbergite,
wollastonite, grossular, adularia, and vesuvianite, had
developed at the contact area between Upper lurassic-
Lower Cretaceous sedimentary rocks and a Miocene
granodiorite (Shimizu and Shimazu, 1988). A large
euhedral quartz [- 23.3 mm in diameter on (0001)
plane] collected for this study contains numerous, fine
fluid inclusions trapped in healed cracks. A (1010) ori-
ented section of 0.68 mm thickness was made for IR
and optical spectroscopy.
In order to observe successive changes of spectra,
intermittent irradiations at room temperature were car-
ried out by X - ray tube (Cu target) powered at 35 kV
accelerated voltage and 20 mA current. The sample
underwent irradiation for 20 hours 7 times and in the
following step 40 hours 4 times. Total irradiation time
was 300 hours.
At the interval of irradiation of 11 times, two polar-
ized infrared spectra were measured at room tempera-
ture by Fourier transform IR m icrospectrometer
(Shimadzu FTIR4200, IMS -1) equipped with a MCT
detector, under the condition of 2 cm- I resolution and
500-600 scans. The polarizer was fixed to the direc-
tion of maximum intensity of the partially polarized
incident infrared light. The c-axis of sample was set
on the two directions normal and parallel to the polar-
izer in order to avoid the interference fringes due to
optical anisotropy, based on Shinoda and Aikawa
(1993). An aperture of 100 11m in diameter was used to
restrict the measured area. Integrated absorbance of OH
absorption bands was determined by subtracting a lin-
ear baseline calculated from background values at
3800 ± 50 (23 points) and 2900 ± 50 (23 points).
In order to estimate the degree of dark coloration,
optical spectra in the 7143-50000 cm- I (1400-200 nm)
were measured by lASCO V570 UV /VIS spectropho-
tometer. Wavelength resolutions are I nm in visible
and UV region and 4 nm in near IR region. Measured
areas were restricted by the pin hole of 1 nun in diam-
eter. Integrated absorbance was evaluated by subtract-
lng the spectrum of the untreated sample.
Results
Figure I shows irradiated area of the sample.
Although the entire area shown in Figure 1 was irradi-
ated, the sample was partially darkened. Based on the
degree of coloration, the irradiated area is classified into
three regions, intensely colored region, intermediately
colored and slightly colored. Measurements of IR spec-
tra were carried out at three spots in each colored
region, which are spot A, Band C in intensely colored
region, G. H and I in intermediately colored region, D,
E and F in slightly colored region. Figure 2 shows three
IR spectra measured at the spots with different degree
Fig. 1 Photo image of dark colored sample by 220
hours irradiation. Although the entire area was
irradiated, the sample was partially darkened.
Six filled circles labeled A-I represent the
analytical spots of IR spectroscopy. Two large
open circles represent the analytical areas of
optical spectroscopy.
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Fig. 2 IR spectra of untreated sample measured at the
spots A, E and I, shown in Figure I.
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Table 1 Peak assignment for OH absorption bands
by Kats (1962).
3520 Li
3512 3510 3510 Li
3484 3485 3478 Li
3440 3443 3440 Li
3440 3432 3435 AI
3404 3405 3396 Li
3380 3383 3371 AI
3316 3318 3310 AI
of coloration (spot A, I and E). Intensity of OH absorp-
tion bands shows a good correlation with the degree of
coloration. Seven sharp bands appear at 3596, 3512,
3484, 3440, 3404, 3380 and 3316 cm- I. According to
Kats (1962), these bands were assigned to Al-OH and
OH coupled with Li (Table 1).
Figure 3 shows the successive changes of IR spec-
tra measured for normal and parallel to c-axis during
irradiation experiments. In the spectra normal to the c-
axis, 3596, 3512, 3484, 3440 and 3404 cm- I bands
decrease and 3380 and 3316 cm- I bands increase. In
the spectra parallel to the c-axis, all bands are very
weak before irradiation and no bands are significantly
increased or appear as new bands due to irradiation.
With smaller changes of the spectra parallel to the c-
This study
Peak position (cm·1)
at 20 DC
3596
Kats (1962)
Peak position (cm-1)
at 20 DC at -195 DC
Point defect
association
Fig. 3 Successive changes of IR spectra during irra-
diation experiments. (a) spectra measured for
normal to c-axis and (b) parallel to c-axis.
axis, 3596, 3512, 3484, 3440 and 3404 cm- I bands
appear to decrease slightly. In order to estimate the
change of integrated absorbance of each band in the
spectra normal to c-axis, a difference spectrum was cal-
culated by subtracting untreated spectrum from irradi-
ated spectrum (Fig. 4). In the difference spectra, two
kinds of OH bands were confirmed after irradiation.
The bands at 3380 and 3316 cm- I increased absorbance,
and the bands at 3596, 3512, 3484, 3440 and 3404 cm- I
decreased absorbance. Integrated absorbance of increas-
ing and decreasing bands by irradiation are plotted in
Figure 5. In the intensely and intermediately colored
regions shown in Figure I, the bands at 3380 and 3316
cm- I increase during 20-40 hours irradiation and its
increase reaches a plateau after 40 hours. The bands at
3596, 3512, 3484, 3440 and 3404 cm- I gradually
decrease during 300 hours irradiation. In the slightly
colored region, the band at 3484 cm-! tends to decrease
in the same way as the intense regions. During the irra-
diation experiments, total integrated absorbance
decreases in all regions (Fig. 6).
Figure 7 shows the optical spectra measured in
intensely and slightly colored regions. Broad absorp-
tion bands appeared at 16000, 25000 and >50000 cm- I
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in intensely colored region, at 16000, 22000 and 50000
cm- 1 in the slightly colored region. Integrated absorbance
in the intensely colored region increases gradual1y,
while that in the slightly colored region is very low and
its increase reaches a plateau after 40 hours of irradia-
tion, as shown in Figure 8.
Discussion
Aluminum is the major impurity in the quartz struc-
ture. AJ3+ ion substitutes for Si4 + in the tetrahedral site.
This substitution is coupled with monovalent cations
such as H+, Li+ and Na+ (Frondel, 1962; Weil, 1975).
Based on the assignment of Kats (1962), increasing OH
absorption bands at 3380 and 3316 cm- I during irradi-
ation are due to Al-OH and decreasing OH bands at
3512,3484,3440 and 3404 cm- 1 are due to OH coupled
with Li (Table 1). Therefore, it is suggested that Al-
OH bands increase by 20-40 hours irradiation, and the
OH bands coupled with Li decrease gradually during
300 hours irradiation. The trends of these changes (Fig.
3) are generally consistent with those shown in previ-
ous studies (Kats, 1962; Brown and Kahan, 1975;
Halliburton et aI., 1981; Bahadur, 1989). These stud-
ies have explained that the changes of OH absorption
bands result from the displacement of monovalent
Fig. 5 Changes of integrated absorbance of increas-
ing and decreasing OH bands, shown in Figure
4. Filled and open symbols represent the
increasing and decreasing bands, respectively.
(a) intensely colored region (spot A-C) as
shown in Figure!. (b) intermediately colored
region (spot G-I). (c) slightly colored region
(spot D-F).
cations. Irradiation causes the removal of the monova-
lent cations such as H+ and Li+ from Al-OH and Al-
Li centers. When irradiation is terminated, light H+
returns to the AP+ center and forms Al-OH again.
However, heavier Li + is fixed away from AP + center,
and does not return to the AP + center. Therefore, Al-
OH which is formed after irradiation is not perturbed
by Li+. In this study, 3512, 3484, 3440 and 3404 cm- 1
bands which are coupled with Li decrease after irradi-
ation, and 3380 and 3316 cm- 1 which are not coupled
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Fig. 6 Changes of total integrated absorbance of OH
bands. (a) intensely colored region (spot A-
C) shown in Figurel. (b) intermediately col-
ored region (spot G-I). (c) slightly colored
region (spot D-F).
with Li bands increase. These changes of OH bands
suggest that OH bands coupled with Li become AI-OH
bands after irradiation. Coexistence of AI-OH bands
with OH bands coupled with Li and their IR spectral
changes during irradiation suggest that AI-OH is pos-
sibly located adjacent to the AI- Li center before irra-
diation, and that OH bands coupled with Li is AI-OH
bands perturbed by Li + in the AI- Li center, as Kats
(1962) had suggested. However, the decrease of the
total integrated absorbance (Fig. 6) is not consistent
Fig. 8 Changes of integrated absorbance of optical
absorption bands measured in intensely and
slightly colored region, as shown in Figure I.
with this model, because the total integrated absorbance
of OH bands should be maintained as constant or
increased by complete return of H + to the AJ3+ centers.
If the total amount of OH is maintained as con-
stant, decrease of total integrated absorbance in appear-
ance (Fig. 6) may possibly result from two conventional
reasons. One is the change of OH dipole orientation,
because polarized absorbance depends on the relative
orientation of OH and electric vector of incident IR
light. However, the spectra parallel to c-axis show that
no bands largely increase and appear newly (Fig. 3).
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Thus, the change of orientation of OH dipole does not
occur and cannot be the reason for decrease of the inte-
grated absorbance. The other possible reason for
decrease of total absorbance is the wavelength depend-
ence of OH absorption coefficient. Paterson (1982) and
Libowitzky and Rossman (1997) reported that absorp-
tion coefficient of OH absorption bands depend on the
wavenumber. They show that the molar absorption
coefficient in the low wavenumber region is higher in
value than that in the high wavenumber region. In this
study, OH absorption of the high wavenumber (3596-
3404 cm- I ) decreases and that of the low wavenumber
(3380 and 3316 cm- I ) increases by irradiation.
Assuming that total abundance of OH is constant dur-
ing irradiation (i.e. H + completely return to AJ3+ cen-
ters), decrease of absorption in the high wavenumber
(3596-3404 cm- I ) bands must be compensated with the
increase of absorption in the low wavenumber (3380 and
3316 cm- I ) bands, and total integrated absorbance must be
increased. However, Figure 6 shows that total integrated
absorbance decreases in all spots. Therefore, decrease
of the integrated absorbance cannot be explained by
wavelength dependence of OH absorption coefficient.
From the above consideration, the third reason for
the decrease of total absorbance is newly indicated.
Decrease of total OH absorbance results from the
decrease of total abundance of OH. It means that some
H+ are removed from the Al-OH by irradiation and
remain away from the AJ3+ centers when irradiation is
terminated as in the case of Li +. When no monovalent
cations (H+ and Li +) are trapped in the AP+ center, a
hole (h+) is trapped to compensate for the charge bal-
ance (Markes and Halliburton, 1979; Halliburton et aI.,
1981). The hole (h+) center is unpaired electron in
localized orbital on an oxygen atom adjacent to an alu-
minum atom, and formed by the removal of electron
from electron pair on the oxygen ion (Halliburton et aI.,
1981; Rossman, 1994). This center contributes to the
absorption bands in visible and UV region (Nassau and
Prescott, 1975, 1977). Increase of these bands shown
in Figs. 7 and 8 indicates the formation of (h+) center
and its increase by intermittent irradiation. Decrease of
OH bands coupled with Li strongly corresponds to
increase of bands in visible and UV region (Fig. 8)
rather than increase of AI-OH bands (Fig. 4). Increase
of Al-OH bands reaches a plateau after 40 hours and
its amount is smaller than the decrease of OH bands
coupled with Li (Fig. 5). This suggests that H+ removed
from Al-OH return incompletely, and that the holes (h+)
are alternatively trapped in the residual AJ3+ centers in
order to compensate for the charge balance.
Conclusions
Intermittent X - ray irradiations at room temperature
were performed for natural quartz. The following spec-
tral changes are observed in infrared, visible and UV
regions. In infrared region, absorption bands at 3380
and 3316 cm- I (Al-OH) increase for 20-40 hours and
reach a plateau after 40 hours, whereas the bands at
3512, 3484, 3440 and 3404 cm- I (OH coupled with Li)
decrease gradually through 300 hours. The total inte-
grated absorbance decreases. In visible and UV regions,
broad absorption bands at 16000, 25000 and >50000
cm- I gradually increase. These changes result from the
displacement of monovalent cations (H+ and Li +) adja-
cent to the AJ3+ substituting for Si4 +. AI - OH is possi-
bly located adjacent to the Al- Li center before irradia-
tion, and the OH bands coupled with Li is AI-OH bands
perturbed by Li + in the AI - Li center. Decrease of total
integrated absorbance of OH absorption bands and
increase of the absorption bands in visible and UV
region suggest that H+ return incompletely to the AJ3+
centers when irradiation is terminated, and that the holes
(h+) are alternatively trapped in the residual AJ3+ cen-
ters to compensate for the charge balance.
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